Microbial electrolysis cell Microbial community Phenolic-based carbon Cellulose-based carbon Polyacrilonitrile-based carbon a b s t r a c t Anode performance of Microbial Electrolysis Cells (MECs) fed with urine using different anodes, Keynol (phenolic-based), C-Tex (cellulose-based) and PAN (polyacrylonitrile-based) was compared under cell potential control (1st assay) and anode potential control (2nd assay). In both assays, C-Tex MEC outperformed MECs using Keynol and PAN. C-Tex MEC under anode potential control (À0.300 V vs. Ag/AgCl) generated the highest current density (904 mA m À2 ), which was almost 3-fold higher than the Keynol MEC and 8-fold higher than the PAN MEC. Analysis of anodes textural, chemical and electrochemical characteristics suggest that the higher external surface area of C-Tex enabled higher current density generation compared to Keynol and PAN. Anodes properties did not influence significantly the microbial diversity of the developed biofilm. Nonetheless, C-Tex had higher relative abundance of bacteria belonging to Lactobacillales and Enterobacteriales suggesting its correlation with the higher current generation.
Introduction
Microbial electrolysis cells (MECs) are a specific type of Bioelectrochemical Systems (BESs), which combines the biological oxidation of organic substrate at the anode with hydrogen gas (H 2 ) production at the cathode [1] . Several studies have shown that H 2 production can be successfully coupled to wastewater treatment in MECs [2e4] . Recently, urine was proposed as a good wastewater feed-stock for bioelectrochemical systems [5] . Urine is a liquid waste that accounts for 1% of the total volume of domestic wastewater produced. Approximately 75% of the nitrogen (N) and 50% of the phosphorus (P) loads found in domestic wastewater originate from urine [6] . Furthermore, urine contains a wide range of organic compounds, such as acetate that can be biologically oxidized. MECs efficiently convert chemical energy stored in organic substrate into H 2 , and are therefore a promising technology for renewable and sustainable H 2 production. Kuntke and co-workers investigated the use of MEC for H 2 production from diluted urine [7] . The authors demonstrated that MEC can be a promising technology for H 2 production with simultaneous ammonium (NH 4 þ ) and chemical oxygen demand (COD) removal from diluted urine. Nonetheless, further research is necessary to improve the conversion of the chemical energy to electrical energy [7] . Thus, an efficient electron transfer mechanism between bacteria and the anode surface is essential. The development of the biofilm and electron transfer are strongly dependent on the anode characteristics, namely surface charge, surface wettability (hydrophobicity/hydrophilicity), surface area and conductivity [8] . Several anode materials have been used in MECs such as graphite brush [9] , plain carbon cloth [10] and graphite granules [11] . As a general trend, it has been reported that increasing the surface area available for bacteria attachment to the anode materials improves the current output [12e14] . Further, Guo and co-workers showed that positively charged and hydrophilic surfaces improved electroactive biofilm growth and development [15] . To improve the performance of the MECs, a better understanding on how electrode properties affect biofilm performance is, therefore, necessary.
The aim of this study was to evaluate the performance of electrochemically active biofilms fed with urine on three different carbon anode materials. The anodes produced from different sources, phenol-based (Keynol), cellulose-based (C-Tex) and polyacrilonitrile (PAN) were investigated for textural, chemical and electrochemistry characterization. MEC performance was assessed by current density, coulombic efficiency (CE) and COD removal efficiency. The microbial community developed was investigated by high throughput sequencing and the relationship between the identified microorganisms and the generated current was analysed.
Materials and methods

Urine and inoculum source
MECs were fed with urine collected from 5 male and 5 female individuals. Urine was pre-treated by adding a magnesium source in order to remove phosphorus (P) as a precipitate, namely struvite according to Barbosa et al. [16] . Urine composition after pretreatment is shown in Table 1 . The MECs were inoculated with an anaerobic community previously enriched in "urine-degrading" electroactive microorganisms in a MFC.
In this study three types of carbon electrodes, C-Tex, Keynol and PAN (MAST Carbon International Limited, United Kingdom) were tested as anode material in MECs. Textural and electrochemical characterizations were performed before their application in the MECs.
Chemical and textural characterization
A scanning electron microscope (SEM) (Nova NanoSEM 200, FEI, USA) integrated with an energy dispersive spectrometer (EDS) (Pegasus X4M, EDAX, USA) was used to investigate the surface morphology of the different electrode materials. Elemental analysis was carried out on a vario MICRO cube analyser from Elemental GmbH (Germany) in CHNS mode. Each element (carbon (C), hydrogen (H), nitrogen (N) and sulphur (S)) was determined by combustion of the sample at 1050 C and calculated by the mean of three independent measurements, using a calibration with a standard compound. Also, the elemental content of oxygen (O) on the different electrodes was carried out on a rapid OXY cube analyser from Elemental GmbH (Germany). The content of O was determined by pyrolysis of the sample at 1450 C and calculated by the mean of three independent measurements, using calibration with a standard compound.
The surface chemistry was characterized by temperature programmed desorption (TPD). The carbon monoxide (CO) and carbon dioxide (CO 2 ) profiles were obtained with a fully automated AMI 300 Catalyst characterization apparatus (Altamira Instruments, USA) connected to a Dycor Dymaxion Mass Spectrometer. Each sample (0.100 g) was heated up to 1100 C at 5 C min À1 using a constant flow rate of helium equal to 25 cm 3 min
À1
. The textural characterization of the samples was based on the nitrogen (N 2 ) adsorption isotherms, determined at À196 C with a Quantachrome NOVA 4200e instrument (Quantachrome, USA). The samples (0.100 g) were outgassed at 150 C for 3 h under vacuum. The specific surface area (S BET ) of the samples was calculated by the Brunauer-Emmett-Teller (BET) equation. The external surface area (S ext ) and the volume of micropores (V micro ) were calculated by the t-method using the standard isotherms proposed by RodriguezReinoso et al. [17] . The total specific pore volume (V p ) was determined from the amount adsorbed at P/P 0 ¼ 0.95.
The wettability (hydrophobicity/hydrophilicity) of the dry electrodes was determined through their contact angle at room temperature. Sessile drop technique was performed in an OCA20 (DataPhysics, Germany) instrument by depositing ultrapure water drops (3 mL) on the sample surface and the contact angle was analysed with the SCA20 software. At least three different spots of each material were measured to provide an average contact angle measurement. The thermal stability of the electrodes were investigated by thermogravimetric analysis (TGA) using a thermogravimetric analyser (TGA 4000, PerkinElmer, USA) starting from room temperature to 800 C with a heating rate of 10 C min À1 under a N 2 flux (3 mL min À1 ). The surface functional groups of different materials were analysed by Fourier transform infrared (FTIR) spectroscopy (Spotlight 300, PerkinElmer, USA) at room temperature in the range of 400 cm À1 to 4000 cm À1 .
Bacterial attachment capacity
The biomass attachment was quantitatively measured by assessed dry weight measurements. Mixed urine collected from 5 female and 5 male individuals was used as the inoculum. Small pieces of the electrodes (Keynol: 140 ± 41 mg; C-Tex: 117 ± 35 mg and PAN: 90 ± 31 mg) were immersed in urine for 2 weeks (room temperature and 45 rpm). After this period, the electrodes were dried in a drying oven at 105 C until a stable weight. For each electrode material, the assays were performed in triplicate. The final weight of electrodes were measured to determine the extents of bacterial attachment, biofilm formation and other aggregates [18] . The amount of attached biomass was calculated based on the difference of the weight before and after the biofilm development per amount of electrode used.
Electrochemical characterization
The electrochemical performance of the different materials was studied in a three-electrode test cell using a potentiostat (VSP, Biologic, France). Platinum foil (2 cm Â 2 cm) was used as the counter electrode and an Ag/AgCl electrode was used as the reference electrode. The electrochemical measurements were carried out in 50 mL of KOH 1 M at room temperature.
Cyclic voltammetry (CV) measurements were carried out between À0.9 and 0.4 V at different scan rates (1, 5, 10, 30 , and 50 mV s À1 ). The galvanostatic charge/discharge tests were performed at the same potential range used for CV at a current of 1 mA. The specific capacitance of the various electrodes was determined from the charge-discharge curves using Equation (1), where C is the capacitance per unit of the electrode surface (4 cm 2 ) (mF cm À2 ), i is the current density (mA cm
À2
), Dt is the time of discharge (s), DV is the potential window (V) and m is the mass of electrode [19] .
Reactor set up
An experimental set-up with three simultaneously running MECs was assembled to study the influence of the three different anode materials (Keynol, C-Tex and PAN) (surface area of 25 cm 2 )
on anode performance and the developed microbial community. Table 1 Composition of urine after phosphorus precipitation.
Unit Urine
The set-up consisted of three identical dual-chambers plexiglass MECs operated at room temperature (20 ± 3 C). The different anode materials connected to a graphite insert (MAST Carbon International Limited, United Kingdom) were used as anode and NiMo (MAST Carbon International Limited, United Kingdom) connected to a graphite insert as a cathode. The graphite inserts were designed to fit in the anode compartments and contained parallel flow channels to direct the flow. At the same time, they ensured good contact between electrode material and current collector. Flat graphite plates connected to each graphite insert (Müller & R€ ossner GmbH & Co., Germany) were used as current collectors. A cation exchange membrane CMH-PP (Ralex, Mega, Czech Republic) was placed directly between the two-chambers. Urine after phosphorus removal was fed as anolyte whereas NaCl (0.1 M) was supplied as catholyte.
In the first assay, the MECs were operated in batch mode (anode volume of 300 mL), under cell potential control by setting the cell potential with a potentiostat. The applied cell potential was step wise increased (100 mV), during almost 6 weeks (38 days), from 0.4 V to 0.9 V. In the second assay, new electrodes were used and the MECs were operated in continuous mode (at two different hydraulic retention times (HRTs), 17 and 26 min) under anode potential control. Anode potential was controlled at À0.300 V vs. Ag/AgCl using a potentiostat that according to the previous results was the anode potential that allows to obtain the highest current density. The electrochemical instrumentation consisted of a potentiostat (VSP, Biologic, France) used to control potential and a data acquisition software (EC-Lab software) to record data such as current density. All anode voltages are reported vs. Ag/AgCl (þ0.210 V vs. NHE).
Chemical analysis and measurements
During the experiments, samples were taken from the anode effluent compartment and were analysed for sCOD concentration using Hach-Lange cuvette tests (Hach Lange, Düsseldorf, Germany) and a spectrophotometer DR 2800 (Hach Lange, Düsseldorf, Germany). All samples were previously centrifuged at 10 000 rotations min À1 for 5 min pH was also measured using a portable pH meter (HI 83141, Hanna, Italy). Current density was determined dividing the current obtained by the area of each anode (25 cm 2 ). CE which was determined from the measured current and the removed COD as described by Logan and co-workers [1] . CV was used to characterize electron transfer mechanism at the surface of the different anodes. The current density in response to the anode potential, in a range from À0.900 V to 0.800 V, was recorded directly from the potentiostat output at a scan rate of 0.15 mV s
À1
.
Microbial community investigation
The biofilm attached at each anode was collected by cutting small pieces of electrode. In addition, the initial inoculum was also investigated for comparison of the microbial community. The samples were preserved at À20 C until analysis. DNA from the different biofilms was extracted using the FastDNA spin kit for soil (MP Biomedicals, USA) according to the manufacturer's guidelines. The concentration of the extracted DNA was measured using a nanodrop equipment (Thermo Scientific, USA). The DNA samples were sent for high throughput sequencing using an Illumina MiSeq platform (Research and Testing Laboratory-RTL, USA). The MiSeq method used was the Illumina two-step [20] . Specific primer sets for the amplification of bacterial (Bakt_341F/Bakt_805R) [21] and archaeal (Arch349F/Arch806R) [22] domains were used. Illumina sequencing data was submitted to the European Nucleotide Archive, under the study accession number PRJEB20142, and can be viewed by following the URL: http://www.ebi.ac.uk/ena/data/view/ PRJEB20142.
Results and discussion
3.1. Electrodes characterization 3.1.1. Chemical and textural characterization Fig. 1 shows images of the carbon fibers of the different carbon electrodes at 160x and 1000x magnification obtained by SEM. The SEM images show that all three electrodes present uniform morphology over the whole sample. The fibers cross sections represent a circular shape with an average diameter of 6.5 ± 1.2 mm for Keynol, 7.3 ± 1.2 mm for C-TEX and 6.9 ± 0.8 mm for PAN. The elemental analysis showed that Keynol is composed of 78.9% C, 9.1% O and 2.0% H. C-Tex is composed of 74.6% C, 11.1% O, 1.2% H and 1.15% N. PAN is composed of 88.2% C, 1.2% O, 0.6% H and 7.1% N. The sum of CNOH for each anode material was not 100%, suggesting that other compounds mainly inorganics can be present in the sample. Fig. 2 shows the TPD profiles of the different electrodes in study. An increase of the CO and CO 2 peaks corresponds to an increase in the amount of functional groups containing oxygen. The TPD peaks were assigned to the different oxygen functional groups by comparison with the data exhibited [23, 24] . According to Chen and coworkers, oxygen-containing groups on the carbon surface improve the surface hydrophilicity and the contact between the electrode surface and electrolyte [25] . The polarity of the oxygen functional groups promotes the reaction between the oxygen, at the carbon surface, and water molecules in the electrolyte by hydrogen bonds, increasing the hydrophilicity of the electrode surface [26] . The TDP profile of C-Tex showed larger CO and CO 2 peaks, which corresponds to higher amount of oxygen functional groups, compared with the other materials (Keynol and PAN), suggesting that the cell adhesion is promoted on the C-Tex surface.
The results of textural characterization obtained from the N 2 equilibrium adsorption isotherms are presented in Table 2 . The shape of Keynol and C-Tex N 2 sorption isotherms (Fig. A) is of type I according to IUPAC, demonstrating that the pores present in these electrodes are essentially micropores (d < 2 nm) [27] . Table 2 shows that on Keynol 90% of the total pore volume are micropores, whereas on C-Tex the micropores volume corresponds to 55%. The shape of the PAN N 2 sorption isotherm is of type II, which is typical for multi-layer adsorption in non-microporous materials (Fig. A) . Table 2 shows that the volume of pores on PAN is insignificant compared with the other electrodes. According to these results, Keynol showed a slightly higher S BET (1234 m 2 g À1 ) compared to CTex (1090 m 2 g À1 ) and a largely higher S BET compared to PAN
The high S BET of Keynol and C-Tex can be attributed to their large amount of micropores. However, given the size of a typical bacteria (1e3 mm), high S BET does not necessarily increase the surface area available for bacterial attachment [28] . According to Lu and co-workers, only pores with a large diameter, such as macropores (d > 50 nm) and pores introduced by material assembly contribute to the surface area available for biofilm formation [29] . The S ext was also determined, which corresponds to the surface area of the materials excluding the contribution of micropores. Biofilm attachment to the different electrodes was determined quantitatively by measuring the "dry mass" of the materials before and after biofilm development. The amount of microorganisms attached was normalized to the anode weight. The results showed that biofilm amount per weight of electrode was higher in the C-Tex (648 ± 210 mg g À1 ) compared with Keynol (334 ± 96 mg g
À1
) and comparable to PAN (518 ± 57 mg g
).
Since the external surface area of PAN (13 m 2 g À1 ) was significantly lower than the external surface area of C-Tex (305 m 2 g À1 ), this suggest that the biofilm developed at the PAN was thicker. According to Ishii and coworkers thin biofilms are more electrogenic since promote the electron transfer directly to the electrode surface, the accessibility to the substrate and the diffusion of protons [30] . A positive relationship between the S ext of the C-Tex and the amount of biofilm attachment was found, suggesting that C-Tex presented a higher surface area available for biofilm development. Possibly the high amount of micropores (90% of the total pore volume) on Keynol was responsible for the lower biofilm attachment. The wettability of the electrode surfaces also influences the biofilm development and can lead to significant differences in MECs performance. Water contact angles between 60 and 80 have been described as an adequate level of surface wettability for optimal biofilm formation [31] . The hydrophilic property of the electrodes surface was determined by measuring the contact angle between the water droplet and the electrode surface. If the contact angle is higher than 90 , the surface can be considered hydrophobic. If the contact angle is less than 90 , the surface can be considered hydrophilic [32] . At time zero, C-Tex and Keynol demonstrated a contact angle equal to 0 indicating that these materials can be considered hydrophilic, while PAN demonstrated a contact angle of 124 ± 6 indicating its hydrophobic behaviour. Although, nitrile groups are polar, polyacrylonitrile polymer structures are insoluble in water. The presence of nitrile group at the PAN surface was confirmed by the C^N band (2260 cm À1 to 2210 cm À1 ) detected in the FTIR analysis (Table A) . The hydrophilic properties of C-Tex are possible due to the large amount of oxygen functional groups identified on their surface (Fig. 2) . According to Guo and co-workers, hydrophilic surfaces improve the electroactive biofilm formation [15] . The thermal stability of the electrode materials was evaluated by TGA. Fig. 3 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for electrodes under N 2 atmosphere from room temperature to 800 C. According to the results, Keynol and C-Tex exhibited a similar TG and DTG curves with a characteristic region of weight loss (about 25%) up to 100 C. This level of weight loss is attributed to the evaporation of water, as expected due to the hydrophilic behaviour displayed by these electrodes. DTG curve of PAN shows a small weight loss occurring between 300 and 400 C mainly caused by the cyclization reaction. During the cyclization, nitrile group form the conjugate C]N group leading to the formation of an aromatic ring [32] . According to the results obtained all the electrode materials tested demonstrated thermal stability under inert atmosphere.
Electrochemical characterization
Electrochemical measurements (abiotic) were performed in a 250 mL glass electrochemical cell using a potentiostat. Using a three-electrode setup, the reference electrode was Ag/AgCl and the counter electrode was a platinum foil. Cyclic voltammograms of Keynol, C-Tex and PAN, performed at different scan rates, are presented in Fig. 4A , C and E, respectively. Keynol and C-Tex curves show a quasi-rectangular shape indicating a strong capacitive behaviour [33] . The capacitive profile is mainly a consequence of the large surface area of the electrodes [34] . At higher scan rates (>10 mV s À1 ) the shape of the CV curve of Keynol change from quasi-rectangular to elliptical. The change of the curve shape could be due to the lower electrical conductivity and the slower diffusion rate inside the available pores [33] . For PAN, the area limited by the curve is very small compared with the other electrodes, showing its low electrochemical activity (Fig. 4E) . By comparison, Keynol exhibited higher catalytic activity than C-Tex and PAN electrodes. The galvanostatic charge-discharge curves of Keynol, C-Tex and PAN recorded at various current densities (0.75, 1.25, 1.90, 2.50 and 5 mA cm À2 ) are shown in Fig. 4B , D and F, respectively. The shape of all charge-discharge curves is almost triangular, which suggest a capacitive behaviour of the electrodes [35] . The specific capacitance of the various electrodes was determined from the charge-discharge curves during the discharge process. The capacitance was determined at current density of 2.5 mA cm À2 . The specific capacitance of Keynol, C-Tex and PAN was 2885 mF cm À2 , 615 mF cm À2 and 38 mF cm À2 , respectively. As expected, Keynol demonstrated the highest capacitance mainly because of the highest S BET .
Effect of different anodes on the performance of a MEC under cell potential control versus anode potential control
Current generation
Urine-fed MECs were operated in batch mode under cell potential control to study the effect of three different anodes on the anode performance. Over a period of 38 days, the applied cell potential was step wise (100 mV) increased from 0.4 V to 0.9 V (Fig. 5A ). During this process, anode potential of the MEC using CTex went up from À0.418 V to À0.200 V while cathode potential went down from À0.939 V to À1.136 V. The potential difference between anode and cathode increased with applied voltage, and simultaneously the current density increased. However, when the applied cell potential was increased to 0.900 V, anode potential increased (to À0.200 V) and current density decreased, suggesting that the biofilm was negatively affected. For this reason, applied cell voltage was decreased again to 0.800 V. Fig. 5A shows that for MEC using C-Tex, setting the applied cell potential at 0.800 V, a current density of 229 mA m À2 was produced. Wang and co-workers also demonstrated the increase of current density with the increase of cell potential using carbon cloth as anode [36] . On the other hand, the increase of applied cell potential in the MECs using Keynol and PAN does not seem to have affected the current density generated (Fig. 5A) . Hence, the applied cell potential of the MECs using Keynol and PAN was decreased and maintained at 0.400 V. At this applied cell potential, MEC using Keynol produced an average current density of 109 mA m
À2
, whereas the MEC using PAN produced 60 mA m À2 . Fig. 5B shows the development of current density of MECs operated in continuous mode under anode potential control setting at À0.300 V. This potential was chosen according to the 1st assay, where the highest current density was obtained at a cell potential of 0.800 V, corresponding to an anode potential of À0.288 V. The MEC using C-Tex developed current density more quickly and to higher values than MECs using the other anodes. With the anode potential set at À0.300 V, an average current density of 904 mA m À2 was obtained using C-Tex, a value around 4-fold higher than that obtained with the applied cell potential at 0.800 V (229 mA m À2 ). Similar tendency was observed for Keynol and PAN. An average current density of 338 mA m À2 and 118 mA m À2 was achieved for Keynol and PAN, respectively, that is around 3-fold (109 mA m-2) and 2-fold (60 mA m À2 ) higher than the current density obtained under cell potential control (0.400 V).
Nam and co-workers demonstrated that maximum volumetric current density production in a MEC was 2.7 times higher when the anode potential was set (À0.2 V vs. Ag/AgCl) compared to adding a fixed voltage (0.6 V) [37] . More positive anode potential was also tested and showed a diminishment of the current density generated. At an anode potential of À0.200 V, current densities of 369 mA m À2 and 258 mA m À 2 were achieved from the MECs using C-Tex and Keynol, respectively (data not shown). Torres and co-workers also observed that increasing the anode potential (À0.150 V vs. SHE to þ0.370 V vs. SHE) decreased the current density [38] . For the MEC using PAN, ). By comparison, the results showed that both, under cell and anode potential control, the current density production was higher using C-Tex compared to the other anode materials. The highest current densities obtained in our experiments were 904 mA m dicates that there is a positive relationship between the current density and the S ext . Since high Sext facilitates the microbial attachment and biofilm formation, this suggest that C-Tex has a higher surface area available for biofilm attachment.
MEC treatment efficiency
Higher current densities were obtained at optimum anode potential control (À0.300 V) (Fig. 5B) . Under this operation mode, soluble chemical oxygen demand (sCOD) removal was similar for all anodes studied, ranged from 39% to 42% at a HRT of 17 min and from 41% to 46% at a HRT of 26 min. These results suggest that the anodes tested did not influence the biodegradability of the urine since the COD removal is similar in all MECs; however, they appear to influence the current density generated. Since the COD removal was similar for all anode materials, the difference in the current density obtained was possibly due to the higher efficiency of chemical energy conversion to electrical energy on C-Tex. The CE was determined for both HRTs when a stable current density was achieved. CE results seemed to be dependent of the anode material used. For both HRTs tested, MEC using C-Tex demonstrated higher CE compared with MECs using Keynol and PAN. At a HRT of 17 min, a CE of 12% was determined in the MEC with C-Tex, while a CE of 4% and 2% was obtained in MECs with Keynol and PAN, respectively. At a HRT of 26 min, a CE of 20% was obtained in the MEC with C-Tex, whereas a CE of 6% and 4% were obtained for MECs with Keynol and PAN, respectively. Fermentation and electricity generation are competitive processes for fermentable substrates in MECs, which can explain the low CEs obtained [39] . Furthermore, the electrons released from the substrate oxidation can be used for gas production (H 2 or CH 4 ) or lost to alternative electron acceptors (e.g. sulphur or nitrogen compounds), resulting in a lower CE [2] . The CEs obtained in this work are in same range of CE reported in previous studies using wastewater containing fermentable substrates such as food processing wastewater [40] and pig slurry [41] .
Electrochemical characterization
The voltammograms of each anode were performed at 0.15 mV s À1 between À0.900 V and 0.800 V (Fig. 6 ). Sigmoidal shaped voltammograms were observed for all anodes suggesting that the current was produced by direct electron transfer from the biofilm [42] . Torres and co-workers demonstrated that the electroactive microorganisms that grown at low anode potentials (-0.150 V vs SHE) carried out extracellular electron transfer exclusively by conducting electrons through the biofilm [38] . Furthermore, the voltammograms of the different anode materials demonstrate the same shape varying only in the magnitude of the current production. Therefore, the difference in current density obtained can be explained by the difference in the surface area available for microbial growth [42] .
Microbial community analysis
SEM inspection of the biofilm developed on the different anodes showed that the surfaces were covered with a dense biofilm composed of microorganisms with different morphologies and sizes (Fig. 7) . Rods and cocci shape microorganisms were observed in all biofilms. SEM images show that microorganisms not just colonize the carbon fibers but also form a multilayer and compact biofilm structure. As a consequence, most cells were not in direct contact with the anode. Furthermore, some mineral deposits were also observed when Keynol was used. EDS analysis revealed that the crystals observed on the Keynol surface were mainly composed by Ca (67%), O (21%) and C (11%). Tilley and co-workers reported the precipitation of calcite (CaCO 3 ), among other crystals, in collection and storage systems of urine due to the increase of pH as a consequence of urea hydrolysis [43] . The microbial community composition of the biofilm developed in both assays, under cell and anode potential control, in each electrode material was analysed by 16S rDNA high throughout sequencing and compared with the anaerobic inoculum (Fig. 8) . Fig. 8A shows that microorganisms identified in the urine adapted sludge used to inoculate all MECs could be assigned into four groups. Firmicutes was the dominant bacterial phylum representing 27% of the total analysed population, whereas Proteobacteria was the second most abundant phylum identified representing 18% of the total population followed by Actinobacteria and Bacteroidetes phyla with 12% and 7%, respectively. By comparison with initial inoculum it is possible to observe that a process of enrichment and selection occurred during the operation in the MECs using different anode materials both under cell potential control and anode potential control.
Under cell potential control, Firmicutes and Proteobacteria accounted for more than 80% of the total population in MECs using C-Tex and PAN and 65% of the total population in MEC using Keynol. Assigned to the Firmicutes phylum, the anodic biofilm was dominated by Lactobacillales and Tissierellales orders. Lactobacillales specifically occurred in the anode biofilm of the MEC using C-Tex (70%), while in the MECs using Keynol and PAN Lactobacillales are in similar percentage (35% and 28%, respectively) with Tissierellales (33% and 35%, respectively). Atopostipes sp representing 17%e34% of the Lactobacillales order is known as fermentative bacteria, which can use carbohydrates such as glucose to lactate, acetate, and formate [44] . The remaining percentage of Lactobacillales was classified as "unknown". Trichococcus bacteria, an example of a bacteria assigned to the Lactobacillales order was reported by Takahashi and co-workers due to its capability of utilizing electrodes as extracellular electron acceptors producing electricity from rice bran [45] . Tissierella creatinhophila representing 41%e53% of the Tissierellales order, has the ability to grow on urine, metabolizing creatinine as sole carbon source to acetate, methylamine, ammonia and carbon dioxide [46] . Betaproteobacteria and Gammaproteobacteria classes, assigned to the Proteobacteria phylum, were the most abundant in biofilm developed in all electrodes. Burkholderiales belonging to Betaproteobacteria class largely dominated the anodic biofilm representing 75% of the sample taken from the MEC using Keynol; 83% using C-Tex and 90% using PAN, (Fig. 8B) . Oligella ureolytica was identified in the biofilms developed on MECs using C-Tex and PAN representing more than 70% of the total population assigned to Burkholderiales order and more than 20% of the total sequences analysed, while the biofilm developed in MEC using Keynol these bacteria represents only 10%. Oligella ureolytica has been described as a non-fermentative bacteria capable to reduce nitrate to nitrite [47] . Oligella also has been reported to as urease-positive, which means that it has the capability to hydrolyse urea [48] . Pseudomonadales and Enterobacteriales are the most abundant orders belonging to the Gammaproteobacteria class. Most bacterial species affiliated with class Gammaproteobacteria are considered electrochemically active bacteria. Several authors have reported the ability of Pseudomonas sp to produce electricity by producing electron shuttles to enhance electron-transfer rate [49] as well as the capability of Enterobacter sp of using a wide range of substrates such as cellulose, sucrose and glycerol to generate electricity [50] .
Under anode potential control, a clear selection in the community composition was observed when comparing the original anaerobic inoculum with the anode biofilms. These results show that Firmicutes phyla was largely enriched in the anodic communities accounting from 79% to 88% of the total population (Fig. 8A) . Lactobacillales was the dominant order assigned to the Firmicutes phylum, specifically in the biofilm developed on C-Tex (68% of the total Firmicutes population and 54% of the total sequences analysed) (Fig. 8B) . Similarly to the results obtained under cell potential control, Atopostipes sp represent 9%e14% of the total Lactobacillales identified, being the remaining percentage of the Lactobacillales order classified as "unknown". The high percentage of bacteria assigned to Lactobacillales order observed in C-Tex MEC may be related with high current generation since several species belonging to the Lactobacillales order have been described as electrochemically active bacteria (e.g. Trichococcus) [45] . Bacteroidetes was the second most abundant phyla identified in the anodic biofilms representing 5%e12% of the total bacteria population (Fig. 8A) . For all anodes studied, more than 90% of the total Bacteroidetes community was composed by Petrimonas sp which can ferment carbohydrates such as glucose to acetate, H 2 and CO 2 using nitrate as electron acceptor [51] . Even though the Proteobacteria phylum only represents 1% of the total population identified in all anodic biofilms, Enterobacteriales order represents around 70% of the total Proteobacteria population in the biofilm developed on C-Tex. On the other hand, the biofilm developed on CTex under cell potential control showed that Enterobacteriales order represents only 6% of the Proteobacteria population. Enterobacter sp. representing 73% of the Enterobacteriales order may have important influence on current production, since several species belonging to the Enterobacteriales order have been described as electrochemically active bacteria [50,52e54] . Several authors have reported current generation by species belonging to the Enterobacteriales such as Enterobacter cloacae in a mediatorless microbial fuel cell [55] . Furthermore, Geobacter sp assigned to the Desulfuromonadales order was identified in the biofilm developed on the C-Tex under anode potential control. Geobacter have been designated as electrogenic bacteria that have the ability to transfer electrons for an insoluble electron acceptor [56, 57] .
By comparison of the obtained results, it can be concluded that the different anode materials studied have no effects on the microbial diversity developed. Fig. 8 demonstrates there are no visible differences in the diversity of bacteria identified in the different biofilms obtained whether under cell or anode potential control. However, the different anodes appear to promote the growth of some microorganisms to the detriment of others. In general, compared with biofilms developed on Keynol and PAN, the biofilm developed on C-Tex presented a higher percentage of microorganisms assigned to Lactobacillales order. Furthermore, the biofilm developed on C-Tex with controlled anode potential presented a higher percentage of microorganisms assigned to Enterobacteriales order. The biofilm developed under this condition also generated a higher current density.
Conclusions
This study demonstrated that urine fed MEC with C-Tex as anode produced higher current density than MECs using Keynol or PAN. After accounting for differences in the anodes textural, chemical and electrochemical characteristics, the results suggest that the higher external surface area of the C-Tex, which corresponds to the surface area excluding the micropores contribution, enabled the higher current density generation compared to Keynol and PAN. Different anode materials had no differences on microbial diversity. Firmicutes and Proteobacteria were the dominant phyla in the all anode materials. Lactobacillales assigned to Firmicutes phyla and Enterobacteriales assigned to Proteobacteria phyla where the dominant orders identified in the biofilm developed on C-Tex, suggesting that bacteria assigned to these orders may be correlated with the higher current generation. 
